The mechanisms by which FFA are absorbed by the gut are unclear. To examine these processes, binding of 114Cioleate to isolated rat jejunal microvillous membranes (MVM) was studied in vitro. When I'4Cqoleate alone or compounded with bovine serum albumin at various molar ratios was incubated with MVM aliquots, binding was time-and temperature-dependent, inhibitable by addition of excess cold oleate, and decreased by heat denaturation or trypsin digestion of the membranes. When
Introduction
The mechanisms by which FFA enter the liver cell or are absorbed from the gut are incompletely understood. Although cellular uptake of FFA was long considered a passive, diffusional process, recent studies suggest (a) that fatty acids bind specifically to rat liver plasma membranes (LPM)' (1); (b) that such binding is attributable to a specific, LPM-fatty acid binding protein (FABP), which has been partially characterized and is distinct from the cytosolic FABP of rat liver and small intestine (1, 2) ; (c) that fatty acid uptake in various mammalian cells demonstrates saturation kinetics (3) (4) (5) (6) (7) and, in the specific case of the hepatocyte, also demonstrates energy dependence, an association with sodium transport, and inhibition by an antibody to LPM-FABP (8) . The preliminary immunohistologic observation that a protein reactive with antibodies to LPM-FABP was present on the surface of rat jejunal mucosa raised the question of whether absorption of FFA from the gut may also be mediated by a specific intestinal membrane transport process. Since binding to plasma membranes represents the first step in any cellular uptake mechanism, the aim of this study was to characterize the binding of a representative fatty acid, oleate, to microvillous membranes (MVM) of rat jejunum and to isolate a putative FABP from these membranes.
Methods
Preparation of MVM. MVM-enriched fractions were prepared by a modification of the Ca2" precipitation procedure (9, 10) . Three male Sprague-Dawley rats (200 g body wt; Zentralinstitut fir Versuchstiere, Hannover, FRG) were starved overnight. After decapitation the intestine was removed, rinsed three times with 20 ml ice-cold saline, and divided approximately into duodenum (first third), jejunum (second third), and ileum (final third). The lumen was opened by a longitudinal section, adherent fat tissue removed, and the mucosa was scraped off gently with a glass slide. Each mucosal scraping was suspended in 300 ml of 50 mM mannitol-2 mM Tris/HC1, pH 7.5, and homogenized in a Waring blender at full speed for 2.5 min. To each preparation solid CaCl2 was added, while stirring, to a final concentration of 10 mM. After standing on ice for 15 Binding to MVM was assessed by a vacuum filtration assay (20) . 0.2 ml of the incubation mixtures was rapidly vacuum-filtered on a Whatman GF/C glass filter (24 mm; Whatman Chemical Separation, Inc., Clifton, NJ) which was quickly washed with 20 ml ice-cold PBS. Washing with more than 20 ml did not change the amount of radioactivity remaining in the filter. The filter was placed in a scintillation vial, 10 ml Econofluor (New England Nuclear) was added, and radioactivity was determined in a liquid scintillation spectrometer (model 3380; Packard Instrument Co., Inc., United Technologies, Downers Grove, IL). Quench correction was determined by a channels ratio method. Recovery of a given amount of 14C was independent of the presence of a filter, as determined by the radioactivity of an unfiltered 0.2-ml aliquot ofthe incubation mixture. Fatty acid absorption to the filters in the absence of MVM was very reproducible for any given set of experimental circumstances, and constituted 14%. The Preparation of an oleate agarose affinity column. Oleate-coupled agarose was prepared by incubation of 40 ml swollen, washed AHSepharose 4B (Pharmacia Fine Chemicals, Div. of Pharmacia, Inc., Piscataway, NJ) in 1.5 vol of a 0. I-M solution of the sodium soap of oleic acid at pH 10.0; 50 mg of I-ethyl-3(3-dimethyl-aminopropyl)carbodiimide (Sigma Chemical Co.) per millimeter of Sepharose was added, and the mixture was rotated gently for 3 d at 370C (2, 21) .
The product was washed extensively with 50% (vol/vol) ethanol, with ethanol/0.075 M sodium phosphate (1:1), pH 2.4, and with ethanol/ 0.05 N NaOH (1:1). Unreacted amino groups were blocked by acetylation with acetic anhydride at pH 7.0 for I h.
Isolation ofan oleate binding protein from rat jejunal MVM. 500-mg MVM proteins were solubilized with 1% (vol/vol) Triton X-100 (Sigma Chemical Co.) as previously described (22) . After centrifugation at 100,000 g for 60 min, residual detergent was removed from the clear supernatant by passage over a column of Bio-Beads SM2 (BioRad Laboratories, Richmond, CA) (22 subject to gel filtration over a column of Sephadex G-100 (Pharmacia, Inc.), equilibrated with 0.1 M NaCl/l.0 mM NaHCO3, pH 7.6, as previously described (2) . Elution was carried out with the same buffer at 5 ml/h. Eluates, in 0.5-ml fractions, were monitored for protein at 280 nm and for radioactivity by liquid scintillation spectrometry as described above.
Purity and specificity of the isolated oleate binding MVM protein was further examined by double immunodiffusion in agar (14) with rabbit antisera against rat albumin, rat serum proteins, ligandin, and the oleate (2) and BSP/bilirubin (22) binding membrane proteins isolated from rat liver. Conversely, the antibody to the oleate binding membrane protein of rat liver was tested against the jejunal and liver fatty acid binding membrane proteins, the rat liver BSP/bilirubin binding membrane protein (22) , whole rat serum, and concentrated rat liver as well as rat jejunal cytosols, prepared from the 100,000 g supernatants of the corresponding homogenates.
Immunofluorescence studies. Frozen sections of esophagus, stomach, jejunum, and colon, with an average thickness of 5 Mm, were air dried. Sections were examined with a fluorescence microscope (Zeiss, Oberkochen, FRG) using filter combination PB 485, FT 510, LP 520, as previously described (2) .
Results
Characterization of MVM fractions. In numerous randomly analyzed electron micrographs of the MVM fractions employed, only one kind of mostly vesiculated membrane was seen (Fig.  1) . Some of the vesicles were filled with electron-dense material, which presumably originated from the core of the microvilli. Contaminating membranes from organelles other than brush borders could not be detected. The pictures resembled those previously published (9, 10 of reported MVM preparations (9, 10), the specimen contains a heterogeneous collection of vesicles that vary in shape and amount of electron-dense material within the cavity. There are some membrane fragments that did not vesiculate, and do not enclose a cavity. The surface of many of the vesicles appears rough, and of these, some had a cogwheel appearance, as previously described (9, 10) . Some minimal microsomal contamination of the MVM preparation is suggested by both the electron microscopic appearance and the residual glucose-6-phosphatase activity (see text). (Fig. 2) . Thus, in the subsequent binding studies an incubation time of 5 In double immunodifflusion studies, the isolated fatty acid binding MVM protein showed no immunologic activity to antibodies against rat albumin, whole rat serum, ligandin, or the hepatocyte membrane BSP/bilirubin binding protein (22) . However, the rabbit antibody against the LPM-FABP (2) showed a single precipitin line of identity between the LPM-FABP, the FABP isolated from jejunal MVM, and the solubilized MVM lateral cell border in the region of the tight junctions. Goblet cells in the crypts did not stain (Fig. 9, A and B) . No fluorescence appeared in any of the control sections. Similar staining, albeit less intense, was observed in the proximal ileum. Frozen sections of the esophagus did not show specific fluorescence. The surface staining observed (Fig. 9 C) was considered to be nonspecific fluorescence because of the keratin of the stratified squamous epithelium, and was equally seen in control sections. In the stomach, faint specific immunofluorescence was found on the surface of some parietal cells, while (Fig. 9 D) .
Discussion
The mechanism by which FFA are absorbed from the intestinal lumen is uncertain, although, as with their entry into mammalian cells in general, their initial entry into intestinal epithelial OD 280 nm . dpm 20 40 60 FRAC TIONS Figure 7 . Co-chromatography on Sephadex G-l00 of 0. cells has often been described as a passive diffusional process (27) . However, more recent studies of a variety of cell types (3, 4, 6, 7) , and particularly of adipocytes (5) ileum, but predominantly in the jejunum, the major site of the fatty acid absorption. Consistant with an absorptive function it was localized principally to the apical portion, and to a lesser extent at the lateral cell border in the region of the tight junctions of the brush border cells of the villi. Some staining of the basolateral membranes may, conceivably, reflect a role for the protein in transport of fatty acids out of the epithelial cell for subsequent disposition. An analogous situation occurs in the hepatocyte with respect to the membrane BSP/bilirubin binding protein, which is localized principally to the sinusoidal (basolateral) plasma membrane, but is also identifiable by immunofluorescence in the canalicular (apical) membrane (22) . Presence of the MVM-FABP in crypt cells is somewhat unexpected, unless the fatty acid transport system is a primitive mechanism that appears very early in the differentiation and maturation of jejunal enterocytes. There are currently no data to confirm this hypothesis. In contrast to jejunum and ileum, there was no specific staining at the luminal surface of esophagus Fatty Acid Binding Membrane Protein from Rat Jejunum and colon, tissues that are not known to be involved in absorption of fatty acids. However, staining was also observed in some parietal cells of the stomach and in the macrophages of the colon. These cells are known to have high energy requirements, but the specific function of a possible membrane FABP in these cells remains to be determined.
While the estimated Kd of both the LPM- (1, 2) and MVM- carrier-mediated uptake of FFA by hepatocytes also suggest an analogous function in fatty acid uptake by enterocytes. The implications for regulation of fatty acid metabolism by a canier-mediated membrane fatty acid transport system are substantial and indicate the need for further studies.
